In vivo Pharmacokinetic Extended-release a b s t r a c t
1.
Introduction Nicorandil (Fig. 1 ) is a vasodilator acting through an increase of both membrane potassium ion conductance and intracellular cGMP concentration in vascular smooth muscle [1] . It is clinically used in the treatment of angina pectoris. Nicorandil is not metabolized significantly by the liver during passage through the portal system (lack of first-pass effect). Thus, it easily enters the systemic blood flow, resulting in almost complete bioavailability. After oral administration of a 5-, 10-, 20-, or 40-mg dose, there is a linear relationship between the doses and increases of maximum plasma concentrations and area under the curve, demonstrating that the pharmacokinetics of nicorandil are linear [2, 3] . Because of its short elimination half-life (1 h), the drug has to be given frequently at 5 mg immediate-release (IR) tablet three times a day. To reduce the frequency of administration and to improve patient compliance, a once-daily extended-release (XR) formulation of nicorandil is desirable. Moreover, the conventional therapy may result in high fluctuation in plasma concentration of the drug resulting in unwanted side effects [4] . Hence, the development of XR formulations for nicorandil that could provide the desired constant drug delivery for a predetermined period is beneficial for an effective and safe therapy of angina pectoris. An essential step in developing XR formulation is to accommodate both the in vitro and in vivo properties of the drug. Here, we compared a novel, XR formulation of nicorandil with an IR formulation, both in vitro and in vivo.
The aims of this study were to design XR formulations of nicorandil and to evaluate the possibility of XR formulations of nicorandil for finding its ability in providing the desired steady-state plasma concentration of drug in vivo. Simulation was employed to estimate optimum dissolution and absorption rate of nicorandil. The in vitro/in vivo relationship of XR formulation was confirmed using in vitro dissolution profiles and plasma concentrations after a single dose oral administration under fasting condition in beagle dogs.
2.
Materials and methods
Materials
The following materials were used as received without further purification: nicorandil was purchased from Jiangsu Tasly Diyi 
Pharmacokinetic modeling and simulation of oral nicorandil
Exploitation of the new XR formulation with made-to-order release characteristics for nicorandil the optimum dissolution rate to maintain therapeutic plasma concentration was computed employing MicroMath ® Scientist (MicroMath Scientific Software, Salt Lake City, UT, USA). Pharmacokinetic parameters reported in the literature were used to predict the pharmacokinetic profiles of nicorandil after oral administration [3] . The intrinsic absorption rate constant, k a , was systematically varied from 0.1 to 3 h À1 . The optimum profile of dissolution was calculated by WagnereNelson method with the simulated plasma concentration data [5, 6] .
Preparation of nicorandil extended-release tablets
Nicorandil XR tablets were prepared by a direct compression method. Table 1 lists the composition of the final formulation. Briefly described, nicorandil bulk powder was mixed carefully with low substituted hydroxypropyl cellulose, microcrystalline cellulose, hypromellose, silicon dioxide, and magnesium stearate in sequence. The mixture was compressed into tablets with a weight of 200 mg by a MINI Press II SF tablet machine (Karnavati Engineering Ltd., Gujarat, India). Each tablet contained 7.5 mg of nicorandil.
In vitro release study
The in vitro dissolution tests were performed using USP dissolution apparatus 2 (DST-810, Labfine Inc., Korea). One IR tablet (Sigmat ® 5 mg, JW Pharm. Co., Korea) corresponding to 5 mg of nicorandil or one XR tablet corresponding to 7.5 mg of nicorandil was placed in a vessel with 900 ml of the dissolution medium at 37 ± 0.5 C rotating at 50 rpm. The dissolution media were simulated gastric fluid (pH 1.2) without pepsin, acetate buffer solution (pH 4.0), phosphate buffer solution (pH 6.8) and deionized water. Aliquots were removed periodically and assayed for nicorandil by high performance liquid chromatography (HPLC) as described in drug analysis section. Each dissolution test was repeated 6 times and the mean values with standard deviation are presented.
In vivo release study
A cohort of four healthy male beagle dogs (Marshall Beijing, China) (10e12 kg) were used under fasted conditions for 18 h. The dogs had free access to water. Three Sigmat ® 5 mg (JW Pharm. Co., Korea) tablets (5 mg Â 3) or two nicorandil XR (7.5 mg Â 2) tablets corresponding to 15 mg of nicorandil were orally administered to four male beagle dogs, with a washout period of at least 1 week between two consecutive administrations. Serial blood samples (3 ml each) were collected from a forearm vein in a heparinized tube at predetermined times extending to 24 h. Plasma was immediately obtained by centrifuging blood samples at 3000 rpm for 10 min (Hanil micro 12, Hanil, Korea). All the samples were stored frozen at À70 C until analysis. Plasma levels of nicorandil were assayed by HPLC as described in drug analysis section.
Analysis of nicorandil using HPLC
Analysis of nicorandil was performed using an HPLC method [7, 8] . The HPLC procedures were fully validated prior to their routine use, with the area under the peak values used for the calculations. The validation tests included system suitability, accuracy, reproducibility, linearity and ruggedness.
The HPLC system (Waters, Milford, MA, USA) consisted of Waters Alliance 2690 HPLC pump with a Waters Alliance 2690 autosampler and column oven, a Waters 996 photo diode array detector set at 254 nm, and an HPLC system manager (Waters, Millennium). The column used was a Zorbax ® Phenyl column (150 mm Â 4.6 mm i.d.; 5 mm; Phenomenex, CA, USA) operated at room temperature. The analytical mobile phase, consisting of acetonitrileeisopropyl alcoholewater (12:2:86, v/ v), was continuously passed through the analytical column at a flow rate of 1.0 ml/min. A portion (160 ml) of the sample was injected into the column.
The plasma concentrations of nicorandil were determined using a validated HPLC method [7, 8] . Briefly, to the plasma sample containing internal standard, one drop of 0.1M NaOH was added, followed by 1.0 ml of ethyl acetate. The mixture was vortexed for 30 s, and centrifuged for 10 min at 2000 g. The upper ethyl acetate layer was removed by Pasteur pipet and transferred to test tube. The extraction procedure was repeated, and the organic layers were combined and evaporated under nitrogen. The residue was reconstituted with 200 ml of the mobile phase on a vortex mixer for 60 s. The reconstituted solution was then assayed.
2.7.
In vivo data analysis
The pharmacokinetic parameters were calculated through a weighted least squares procedure, with the aid of the nonlinear regression programs, SigmaPlot ver. 11.0 (SPSS Inc., Chicago, IL, USA) and MicroMath ® Scientist. Plasma drug concentrations for 12 h were used to calculate pharmacokinetic parameters because plasma drug concentrations at 24 h were less than limit of quantitation.
AUC 0e12 is the area under the plasma concentration versus time curve, calculated using the trapezoidal rule for the time interval 0 to the last measurable point, 12 h. The total areas under plasma level curves, AUC inf , were calculated by combining the areas from 0 to 12 h, estimated by the trapezoidal rule, with those obtained from 12 h to infinity, calculated as the ratio C 12 /k e , in which C 12 is the corrected plasma level at 12 h and k e is the elimination rate constant [9] . Elimination constant (k e ) was estimated by fitting the logarithm of the concentrations versus time to a straight line over the observed exponential decline. Elimination half-life, t 1/2 was calculated as follows: t 1/2 ¼ 0.693/k e . The peak plasma concentration (C max ) and time to reach the maximum drug plasma concentration (T max ) were determined from visual inspection of the concentration-time plots.
The WagnereNelson method [5, 6] was used to calculate the percentage of the drug absorbed:
(1)
where F (t) is the amount absorbed. The percent absorbed is determined by dividing the amount absorbed at any time by the plateau value, k e AUC inf and multiplying this ratio by 100:
In vitro-in vivo relationship
Analysis of in vitro-in vivo relationships was of the form [10, 11] :
where F a is the fraction of the total amount of drug absorbed at time t, f a is the fraction of the dose absorbed at t ¼ ∞, a is the ratio of the first-order permeation rate constant (k p ) to the first-order dissolution rate constant (k d ), and F d is the fraction of drug dose dissolved at time t. F a was determined by the WagnereNelson method from the plasma profiles, and F d was obtained from the dissolution profiles. Eq. (3) was fitted to the F a vs. F d data to yield an estimate of a. The first-order permeation rate constant (k p ) was calculated from k p ¼ a k d . All regressions employed non-linear least squares by the MicroMath ® Scientist (MicroMath Scientific Software, Salt Lake City, UT, USA).
Statistics
Statistical comparisons of pharmacokinetic parameters were performed with the Student's t-test. Statistical significance was accepted for P < 0.05.
Result and discussion

Pharmacokinetic modeling and simulation of oral nicorandil
In this study, we assumed the drug release rate is identical to the drug absorption rate because the drug is rapidly and a s i a n j o u r n a l o f p h a r m a c e u t i c a l s c i e n c e s 1 0 ( 2 0 1 5 ) 1 0 8 e1 1 3 almost completely absorbed from the gastrointestinal tract [3] . Therefore, the pattern of nicorandil plasma concentrations could be modified by adjusting the drug release rate of XR tablets. The optimum absorption rate of simulated plasma concentration was found to be k a ¼ 0.2 h À1 for the XR nicorandil providing more than 90% drug release maintained over the period of 24 h. Utilizing the calculated absorption rate, 0.2 h À1 , the optimum dissolution profile was simulated by WagnereNelson method.
3.2.
In vitro release study
To measure release rates of drug, the in vitro dissolution tests of nicorandil tablets were performed in dissolution media: water, pH 1.2, 4.0 and 6.8 buffer solutions (Fig. 2) . Nicorandil was quickly released from the IR tablets, whereas the XR tablet showed slow release for 24 h. Within 30 min, 95% of drug was released from the IR tablet in all dissolution media (data not shown), but the time for 80% drug release from the XR tablet was about 8 h (Fig. 2) . Dissolution rates of the extended-release tablets were almost unaffected by pH. As shown in Fig. 2 , dissolution profiles of XR tablets in all dissolution media showed similar extended-release pattern to the target dissolution profile (k a ¼ 0.2).
In vivo release study
Plasma drug concentration vs. time profiles of oral nicorandil in beagle dogs are shown in Fig. 3 . In vivo release study revealed that XR formulations exhibited an extended-release pattern for a period of 12 h. Nicorandil IR formulations showed rapid drug release and absorption within 1 h and fast drug elimination profile for a period of 6 h. Pharmacokinetic parameters for the two formulations are listed in Table 2 . The pharmacokinetic parameters of nicorandil XR tablet were significantly (P < 0.05) different from those obtained with IR tablet. It took 2.5 ± 0.3 h (T max ) to reach maximum concentration of 0.111 ± 0.023 mg/ml (C max ) from XR tablets. However, the C max (0.452 ± 0.123 mg/ml) of the drug reached within 0.9 ± 0.4 h and declined rapidly from IR tablets. The elimination rate constant of nicorandil from XR tablet was significantly decreased in comparison with IR tablet (P < 0.05; 0.671 h À1 vs. 1.034 h À1 ) and the AUC inf of XR tablet was also significantly decreased in comparison with IR tablet (P < 0.05).
As for XR formulation of drug product, most of XR formulation is commonly administered with food to get enough gastric emptying time. In this study, the comparative pharmacokinetic study was conducted under fasting state with dogs. In case of dogs, gastrointestinal tract is shorter than that of human, and therefore, XR formulation have just 60e70% of bioavailability compared to IR formulation especially for fasting state study. From the results, it was suggested that the pattern of nicorandil plasma concentrations could be modified by adjusting the drug release rate from XR tablets.
Time, h a s i a n j o u r n a l o f p h a r m a c e u t i c a l s c i e n c e s 1 0 ( 2 0 1 5 ) 1 0 8 e1 1 3 3.4.
In vitro-in vivo relationship
In this study, F a and F d data from two nicorandil tablet formulations are analyzed. Neither a linear nor a linearized relation between F a and F d is assumed. The main intent of this study was to make use of the in vitro-in vivo relationship for each tablet formulation in order to elucidate the relative roles of dissolution and intestinal permeation in overall nicorandil absorption from each dosage form [11] . Fig. 4 plots the fraction absorbed (F a ) versus the fraction dissolved (F d ) and graphs the mean fit of Eq. (3) to each of the two tablet formulations. Each profile represents the in vitroin vivo relationship for each respective product. The curve characterizing the dissolution and absorption of nicorandil from the IR tablet rapidly moves from (F a ¼ 0, F d ¼ 0) in the lower left corner of the phase plane at t ¼ 0 to the 15 min data point in the lower right corner of the phase plane. This portion of the curve demonstrates the rapid dissolution of nicorandil during the first 15 min and the relatively low fraction of absorbed drug at 15 min. Over the following 15 min, the curve "upward" due to the relatively large fraction in nicorandil absorption while only the small remaining fraction of nicorandil dissolves during that time frame. For the next 30 min, essentially only nicorandil absorption occurs since dissolution had been complete. Unlike for IR formulation, the relationship between F a and F d for XR formulation is substantially linear (Fig. 4) . The upward trajectory characterizing the dissolution and absorption of nicorandil from the XR tablet gradually and linearly moves from (F a ¼ 0, F d ¼ 0) in the lower left corner of the phase plane at t ¼ 0 to the data point in the higher right corner of the phase plane. This pattern of the trajectory reflects the slow dissolution of nicorandil during the 12 h but the rapid drug absorption after drug released from XR tablets. It is shown that the absorption of the drug takes place at nearly the same time of the release of the drug over the whole time frame. For the 12 h, essentially nicorandil absorption occurs since dissolution had been continued. Therefore this slowly dissolving nicorandil XR formulation appears to be substantially dissolution rate limited. Table 3 summarizes the mean (±SE) values for a, k d and k p . For IR formulation, a was less than 1 (a ≪ 1), which indicates that k d [ k p . However it may be difficult to determine the rate-limiting step because the dissolution rate of drug from IR formulations was too fast. For XR formulation, a was larger than 1 (a [ 1) and this indicates that dissolution, rather than intestinal permeation, was the rate-limiting step in the overall absorption of drug.
Conclusion
The present study demonstrates that an XR formulation of nicorandil was successfully designed and developed. The nicorandil plasma concentration could be modified by adjusting the drug release rate from XR formulation. Intestinal permeation of nicorandil, rather than dissolution, was the rate-limiting step in the overall absorption of drug from the IR formulation. However release rate of nicorandil from XR formulation was the rate-limiting step in the overall absorption of drug. Moreover, these results highlight the potential of a nicorandil XR formulation for an effective and safe therapy of angina pectoris. a s i a n j o u r n a l o f p h a r m a c e u t i c a l s c i e n c e s 1 0 ( 2 0 1 5 ) 1 0 8 e1 1 3
